Speed humps are a common physical measure installed at pedestrian crossings to reduce vehicle speeds and therefore improve the safety of pedestrians at the crossing.
Introduction
Actual vehicle speed should be a maximum of 30 km/h where there is a risk of collision between vehicles and unprotected road users. At speeds of 50 km/h, the probability of pedestrian death is 5-8 times greater than at 30 km/h (Ashton, 1982 , Teichgräber, 1983 , Waltz, 1983 . Speed cushions are a common type of physical measure used to increase safety and the accessibility for pedestrians and cyclists at crossings and cycle routes in builtup areas. These measures are recorded as being very effective (Elvik and Vaa, 2004) .
The aim of this study is to determine how various distances between speed cushions and crossings affect safety and accessibility for pedestrians and cyclists, especially children but also the elderly. The study only covers speed cushions, but it is likely that the same distance is suitable for the location of other types of speed reducing devices.
Method
The following methods of data capture were used: radar and laser measurement of vehicle speed, video recording of road user behaviour.
Radar and laser measurement of vehicle speed
Radar and laser measurements of free vehicle speed were taken at the pedestrian crossings, ie theoretical collision site, as well as speeds 12 m before the pedestrian crossing, the last point at which drivers could be expected to have started to decelerate.
Video recording of road user behaviour
At each site, video recordings were made from different angles in order to capture the behaviour and encounters of various road users. Recordings of the crossings were made over two days with two cameras giving a general view of the crossing and close-ups of pedestrians and cyclists. Data entry from video recordings was carried out manually in Excel in accordance with the parameters given below. The parameters can be placed in three groups, (1) description of the pedestrian or the cyclist and their behaviour, (2) description of the vehicle and motorist behaviour, and (3) description of the interaction between them. By comparing 1.5 h of video material comprising 47 crossings, two observers had 83% agreement in behaviour coding. When the most difficult parameter to encode, pedestrian and cyclist head movement, was eliminated, agreement was 89% (Johansson, 2001 ).
Codings were stratified so that behaviour for children (0-12 years), young people (13-19), elderly (over 64) and functionally disabled irrespective of age, was encoded. The behaviour of adults in the 20-64 age group was encoded if they were in the company of the above groups. Sites were videoed from 0730 -0900 and for three successive hours in the interval 1300-1630. The parameters studied are given below. (g) whether they stop at edge of the pavement, kerb (q) whether vehicles from right give way (h) whether they stop on the refuge (r) long or short distance to speed cushion (i) whether they cross at the crossing (s) driver behaviour in giving way (j) whether they cross diagonally or straight (t) comments Differences in results depending on long or short distances between speed cushion and pedestrian crossing, and speed cushion and cycle crossing, were analysed using the chisquared test, and are commented on at 95% significance.
Description of sites and data capture
Studies were made at three sites in Sweden, the Regementsgatan/Dragonstigen and Tessins Väg/Henrik Wranérs Gata crossings in Malmö, and a pedestrian and cycle crossing on Hultagatan in Borås. The sites were studied over different periods, see Table 1 . A total of 1972 pedestrian and cyclist crossings were studied from a total of 62 h of film. 
Hultagatan, Borås
The Hulta centre with junior and middle schools and businesses lies south of the area studied. At two of the sites there were cycle crossings which meant that the distance to the pedestrian crossing was differently depending on the direction of the oncoming vehicular traffic. At the third site, the speed cushions are located at different distances from the pedestrian crossing. All three sites are equipped with central islands. The aim of the measures was to reduce vehicle speed at the conflict points with unprotected road users.
Effect of distances
The analyses concern the effect on pedestrian, cyclist, and driver behaviour of the various distance between the speed cushion and crossing place in the different directions of the approaching vehicles. The pedestrian crossings that were analysed were those nearest to the speed cushion, and the distance between speed cushion and pedestrian crossing is expressed as long or short (PCR=pedestrian crossing). In cases where significant differences were shown for the respective road user group analysed, further analyses with tests to see if the differences also applied per site were carried out to ensure that the difference can be considered to apply generally. 
Total pedestrians
In all, 1350 pedestrians were observed, and 802 (approximately 60%) of these encountered a vehicle; 89% of all pedestrians crossed the road at the pedestrian crossing. The only significant difference shown was that pedestrians as a group were more often given way by the first car from the left if there was a greater distance between the crossing and the speed cushion, 50% at greater distances compared with 40% at shorter (p < 0.05), see Table 2 . Based on all 255 pedestrian observations from Dragonstigen, the tendency was the same, 50% compared with 43% (difference not significant), on Hultagatan (187 observations) there was a significant difference of 43% and 23% (p < 0.01). On Tessins Väg, based on a total of 74 observations, the proportion given way by the first car from left was 64% when the distance was long, and 70% when the distance was short (difference not significant), i.e. just the opposite for the whole group of pedestrians in total, and for the other places. This may possibly be due to lower visibility at the short distance than at the longer distance. There was also a significant difference between the three sites in terms of the proportion given way by the first car from the left at short distances between speed cushion and the pedestrian crossing (p < 1.0e-6). This means that there was a significant difference in how often people were given way by the first car from the left when there was a short distance, but the trend was still similar, that there were fewer per site given way at short distances than at longer distances between the speed cushion and the pedestrian crossing. There was no significant difference between the sites when the distance between speed cushion and pedestrian crossing was long.
In other respects, the proportion of road user behaviour depending on different distances between speed cushion and pedestrian crossing was very similar. Just over 70% of all pedestrians were given way by some motorists, and approximately 60% were given way by some motorists from the left.
No significant differences were shown in the study of road user behaviour in the other lane, i.e. after the island (in other words, vehicles that came from the right seen from the pedestrian's perspective), see Table 3 . Driver behaviour towards the pedestrian appears to be similar irrespective of whether the pedestrian is located at the edge of the pavement or on the island, with about 60% of all pedestrians given way irrespective of whether the car came from the right or left. Table 3 : Pedestrian and driver behaviour depending on distance between right speed cushion and crossing after the island for the pedestrian. PCR = pedestrian crossing. 21 of the 525 (4%) pedestrians who did not encounter a car waited on the edge of the pavement, at the kerb, and none waited on the refuge island. Of those who did not encounter any vehicle, approximately 33% looked in both directions at the edge of the pavement irrespective of journey direction, and more than 90% looked in some direction at the edge of the pavement. A few, approximately 3%, looked in both directions on the island and approximately 30% looked in some direction on the island.
Children and elderly pedestrians
In all, 371 children were observed, 224 (60%) of whom encountered a car, and 147 did not. Of all child pedestrians, 92% crossed the road at the crossing. No significant differences were shown in the children's behaviour or vehicle driver behaviour in the different directions.
Twelve (8%) of the 144 child pedestrians who did not encounter a car waited at the edge of the pavement without encountering a car. Of those who did not, approximately 48% looked in both directions at the edge of the pavement irrespective of journey direction, and approximately 76% looked in some direction at the edge of the pavement. st ICTCT workshop Proceedings
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A total of 258 elderly pedestrians were observed, 161 (62%) of whom encountered a car. No significant differences were observed in the behaviour of either the elderly pedestrians or the vehicle drivers from either direction. Of the 97 elderly pedestrians who did not encounter a car, two (approximately 2%) waited at the edge of the pavement before they crossed the road. Of all elderly pedestrians, 96% crossed the road at the pedestrian crossing.
Total cyclists
For cyclists the analyses were carried out in the same way as for pedestrians, but for cyclists the road user behaviour is compared with long and short distances between speed cushions and the cycle crossing. However on the Tessins Väg site there is no cycle crossing, so distances are measured between the speed cushion and the pedestrian crossing, On Hultagatan the distance is approximately equal between the cycle crossings and the two speed cushions in each direction. If the measurements from Hultagatan are ignored the results are similar.
A total of 613 cyclists was observed, and 356 (58%) of them encountered a car. A total of 84% of all cyclists crossed the road at the pedestrian crossing or cycle crossing, but the results below refer to all cyclists. Two of the 252 cyclists who did not encounter a car waited at the edge of the pavement. Of those who did not encounter a car, approximately 50% looked in both directions at the edge of the pavement irrespective of journey direction, and 80% looked in some direction at the edge of the pavement.
Cyclists were given way by motorists significantly more often when the distance between speed cushion and cycle crossings was longer, 75% compared to 57%, see Table 4 . They were also given way by the first car from the left significantly more often when the distance was longer. Based on a total of 231 cyclist observations from Dragonstigen, the tendency was the same, 82% compared to 58% (significant difference), but on Hultagatan (96 observations) the figures were 62% and 57% (not significant). On Tessins Väg, only 13 observations were made in total. Cyclists were also significantly more often given way by the first motorist when the distance between speed cushion and cycle crossing was longer (p < 0.05), see Table 4 . The trend was also the same for cyclists split over the various places.
The cyclists were significantly more often given way by the first car from the left when they were at the edge of the pavement and the distance to the speed cushion was longer, but were also significantly more often given way by some motorists when the distance to the speed cushion was shorter when they were waiting at the island (p < 0.01). A plausible explanation is that the cyclists in question were given way by the first motorist they encountered, which is assumed to be from the left, and then it is reasonable that also motorists from the right give way, since those from the left have already waited or slowed up. That behaviour was not detected in the case of pedestrians. Table 4 : Cyclist and driver behaviour depending on distance between left speed cushion and pedestrian crossing before the island for cyclists (CCR = cycle crossing). 
Cycling children and elderly
In all, 134 cycling children were observed, and 86 (64%) of them encountered a vehicle. Therefore, 92% of all cycling children crossed the road at the pedestrian or cycle crossing.
As for all cyclists, children were more often given way when the distance between the speed cushion and pedestrian crossing was longer, 80% as opposed to 51% at shorter distances (p < 0.001), see Table 6 . Again, like the 'all cyclists' group, children were obviously more often given way by motorists coming from the right when the distance was shorter, 78% as opposed to 58% at longer distances. The total of elderly cyclists observed was 33, which is too small for further analysis. Table 6 : Child cyclist and driver behaviour depending on distance between left speed cushion and pedestrian crossing before the island for cyclists (CCR = cycle crossing). 
Vehicle speeds
The two sites in Malmö with different distances between speed cushion and pedestrian crossing had similar measured values of motor vehicle speed at the pedestrian crossing in both directions. What was unexpected was that, when the distance to the pedestrian crossing was longer, speed was somewhat lower (not statistical significant) at the pedestrian crossing, just over 22 km/h at longer distances and just over 23 km/h at shorter distances, see Table 7 . The differences in both traffic directions was not significant at some sites, but a longer distance between speed cushion and pedestrian crossing nevertheless proved to have positive tendencies. Speeds 12 m before the speed cushion were also measured, and the results are presented in Table 7 . The speed 12 m before the pedestrian crossing was comparable with that on the crossing, with the exceptions of one direction at Dragonstigen where the beginning of the speed cushion is 12 m before the pedestrian crossing. The fact that speed 12 m before the crossing was the same or less than on the crossing can most plausible be explained by drivers starting to decelerate in order to drive over the speed cushion, and then starting to accelerate again once they had reached the crossing. Vehicle speeds are assumed to be lowest at the speed cushions.
On the comparison sites at Regementsgatan/Sergels Väg and Regementsgatan/ Skvadronsgatan, speeds 12 m before and at the pedestrian crossing were somewhat lower than at the sites above. On neither of the study sites was the 90th percentile higher than 30 km/h at the crossing. Vehicle speeds 12 m before the crossings were comparable with the sites above. Speed measurements at Hultagatan were carried out using radar and at the time of measurement did not differentiate between the two driving directions, which did not give sufficient accuracy for stating speed at the pedestrian crossing or in different directions. Average speed was 32.4 km/h, (standard deviation for the mean is 1.5 km/h, n = 22, 90th percentile was 40.9 km/h). Speeds were higher at the Hulta site because the speed cushions are lower than on the sites in Malmö.
Conclusions and discussion
Different distances between speed cushions and pedestrian crossings in this study did not significantly affect mobility for any group of pedestrians or cyclists. However, some significant differences were shown, indicating a longer distance between speed cushions and pedestrian crossings. All pedestrians were given way by the first car from the left significantly more often, all adult and child cyclists were more often given way by cars from the left, and all cyclists were more often given way by the first car from the left, when the distance between the speed cushion and the pedestrian or cycle crossing was greater.
Average motor vehicle speed was approximately 22-23 km/h on the study sites in Malmö, and 90th percentiles were around 30 km/h, which means that the objective of the layouts, motor vehicle speeds below 30 km/h was met. No significant differences were measured in the different vehicle directions. The differences in both traffic directions were not significant at some sites, but a longer distance between speed cushion and pedestrian crossing still produced lower speeds. Since the speed cushion in Borås was lower than that in Malmö, speeds were higher, with an average of over 30 km/h, but measurement accuracy was not equally good. In general, however, it is reasonable to assume that vehicle speed on a pedestrian crossing depends mainly on speed cushion height, provided the distance to the speed cushion is not too great.
The fact that cyclists are also given way on cycle crossing cannot clearly be considered as an effect of traffic safety measures when, according to traffic regulations, it is cyclists who should give way to other vehicles when they cross the road at a cycle crossing. It is also important to remember that what is a long distance to pedestrian crossing can be a short distance for cycle crossing when the both areas often lie parallel to one another. More data to describe cyclist safety and accessibility on cycle crossings is needed.
Since motor vehicle speeds were low on the pedestrian crossings irrespective of the distance between cushion and crossing, i.e. one or two car lengths, and that it has been shown to have certain positive effects concerning accessibility for unprotected road users when the distance was two car lengths, it is suggested that this distance should be used when installing new speed cushions in the future.
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